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METHOD FOR DETERMINING THE
REGISTRATION OF A STRUCTURE ON A

PHOTOMASK AND APPARATUS TO
PERFORM THE METHOD

CROSS REFERENCE TO RELATED
APPLICATIONS

Pursuant to 35 U.S.C. §119, this application claims the
benefit of U.S. provisional application 61/381,700, filed Sep.
10, 2010 and German application DE 102010045135.5, filed
Sep. 10, 2010. The above applications are incorporated by
reference.

BACKGROUND OF THE INVENTION

This patent specification 1s directed to a method for deter-
mimng a registration error of a feature on a mask.

This patent specification 1s also directed to a method for
simulating an aerial 1mage from pattern specifications of a
mask.

The patent specification 1s also directed to a position mea-
suring device for carrying out the method.

In lithography for semiconductor component fabrication,
the patterns of masks, which are also referred to synony-
mously as reticles, are projected by means of scanners or
steppers onto walers coated with a light-sensitive layer, the
resist. Masks can be configured, for example, as “binary
masks,” with chromium patterns on quartz glass, or as phase-
shift masks. For EUV lithography applications, reflective
masks are used. Templates for the nanoimprint process are
another variety of mask. With the aid of mask inspection
microscopes or position measuring devices, the pattern of a
reticle 1s projected by means of lenses onto a light-sensitive
local-resolution detector, such as, for example, a CCD
(Charge Coupled Device) chip.

By means of a position measuring device (registration
tool), features on a mask that are specifically designated as
registration patterns or as markers, for example squares,
crosses or angles of specific shapes, are measured and com-

pared with their nominal positions. Positions on the mask of

features that are details of the patterns used on the mask are
also measured. This 1s known as “real pattern registration.”
The deviation of the nominal position of a feature from 1its
actual position on the mask 1s the placement error, which 1s
also known as the “registration” or “registration error.”

The measurement of masks makes 1t possible to check the
positional accuracy of the patterns on the mask during the
clectron-beam mask-writing process. In addition, by measur-
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ing the patterns of an existing set ol masks, the deviations of 50

the pattern positions on the various masks can be adjusted to
cach other for the individual lithographic layers.

To check the positions of features, an aerial 1mage of a
detail of a mask 1s captured with a position measuring device.
The mask rests for this purpose on a stage (also known as an
object table or traversing unit) that serves to move the mask 1n
the direction of the mask plane, 1n order to position a desired
detail 1n the 1mage field of the positioning measuring device
so that the 1mage can be captured with a detector. Before the
measurement 1s performed, the mask 1s oriented on the stage
in such a way that its position on the stage 1s known. Alter-
natively, relative alignment with special alignment features
can be performed. The position determination 1s then made 1n
relation to these features, which are also known as alignment
markers. The image can thus be assigned unequivocally to the
absolute or relative position of the detail on the mask. By
determining the position of the pattern 1n the captured image,
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it becomes possible to compare the nominal and actual posi-
tions of the patterns on the mask, and thus to calculate the
placement error.

Metrological requirements for placement error determina-
tion currently stand at 1 nm. Feature placement errors can be
determined, for example, via methods for determining the
positions of these features 1n aerial images. Examples of the
known methods are threshold value methods and correlation
methods. Accuracy requirements for the to-be-determined
position or placement error of a feature are higher than the
resolution of an aenal 1mage captured by the position mea-
suring device. In current devices, the edge lengths of a pixel of
an aerial image correspond, for example, to 25 nm 1n mask
dimensions. Methods have been developed that permit so-
called subpixel-accurate position determination of a feature
in an aerial image.

For example, DE1 2006059431 describes a method for
determining the position of a pattern on a substrate with
subpixel accuracy 1n relation to a reference point on the
substrate by overlaying the pattern with a reference pattern.

Known from DE10047211 1s a method for determining the
positions of edges of a pattern with subpixel accuracy. Here,

the measured edge profiles are compared with model inten-
sity profiles to find the position of best fit.
DE1033776°7 discloses a method for determining the dis-
tance between a reference element and a pattern for measur-
ing the overlay shiit.
DE102007033815 discloses a method for determining the
distance between a reference element and a pattern by means
of two pattern elements for measuring the overlay shiit,
wherein 1n the reference element or in the pattern, one of the
pattern elements whose position is to be determined 1s ampli-
fied.

These methods have not yet made 1t possible to achieve the
requirements 1mposed on the next generation of position
measuring devices.

SUMMARY

In one aspect, the invention provides an efficient method
that permits accurate determination of the registration error of
a feature on a mask. For example, metrological requirements
for registration error determination can be as small as 0.5 nm.
Specialized aerial image analysis methods are used to satisiy
these requirements.

In another aspect of the invention, a method 1s provided for
accurate determination of a registration error of a feature on a
mask. The method comprises the steps of:

providing a first aerial image that was captured by means of

a position measuring device and includes at least the
feature,

simulating, from pattern specifications of the mask, a sec-

ond aerial image that includes at least the feature, taking,
into account at least one effect that causes distortion of
the first aerial 1mage, and

determiming the registration error of the feature as the

distance of the position of the feature in the first aerial
image from the position of the feature i the second
aerial 1mage.

This measure has the advantage that registration errors
introduced as artifacts by distortions occurring during the
generation of the aenal image are taken into account 1n the
analysis of the first aerial image. Registration error results
thus are not falsified by these distortions.

The aenal image 1s, for example, captured with a two-
dimensional detector and provided as a two-dimensional
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matrix composed of pixels. Intensity values of the individual
pixels are represented by numerical values.

Features on the mask can be, for example, crosses or
squares, which can be written onto the mask for inspection
purposes. The method 1s also suitable for determiming the
registration errors of device patterns or details thereot, for
example an edge or a corner. The method according to the
invention can also be used to measure line widths. The line
width, and thus 1ts deviation from a nominal value, 1s derived
from the positions or registration errors of the two edges of a
line.

The first acrial image includes a detail of the mask. This can
be defined by means of an 1mage field of the position mea-
suring device. The region of the second aerial image can be
identical. It can also be different, for example smaller than the
detail of the first aerial 1mage, for example limited to the
feature.

The position of the feature in the first acrial 1image repre-
sents the actual position of the feature on the mask, falsified
by distortion of the acrial image. The position of the feature in
the second aerial image represents the nominal position of the
teature on the mask, falsified by distortion of the aerial image.
The distance between the positions of the first and second
aerial 1mages 1s no longer atfected by distortion.

The method can also 1include the capture of the first aerial
1mage.

The second aenal 1image 1s determined by simulation. All
elfects that can occur in the optical beam path of the position
measuring device, including the mask, can be taken into
account here, 1n whole or in part. These effects include, for
example, characteristics of the illumination, such as the
wavelength, the intensity, the polarization or the degree of
coherence of the i1lluminating light, the 1llumination setting
used, the field homogeneity of the illumination intensity.
Characteristics of the mask, such as, for example, the three-
dimensional topography (the height reliel) of the mask or the
complex refractive index of the mask material, are also
included 1n the simulation. Examples of the efiects of the
imaging beam path include: the numerical aperture and the
imaging error oi the objective lens, pupil apodization, and
polarization. Proximity effects are also included 1n the simu-
lation.

In a further embodiment of the invention, at least one of the
tollowing eflects 1s taken 1nto account in the simulation of the
second aerial 1mage: proximity effects, distortion due to an
objective lens of the position measuring device, topography
of the mask, and refractive index of the mask.

This measure has the advantage that essential effects are
taken into account, but computing complexity 1s still limaited.
It 1s feasible to take these effects into account in the simula-
tion of aerial images.

Proximity effects may cause considerable distortion, espe-
cially when measurements are being performed on small
patterns close to the limit of resolution of a position measur-
ing device.

Proximity effects are to be described as resolution-induced
intrinsic distortions. These are attributable to the nature of the
diffraction-limited resolution of a projected image. The
causes lie not only 1n the environment of a pattern, but also 1n
the pattern itself. These effects can be taken into account in
the stmulation.

Distortion due to the objective lens of the position measur-
ing device can be determined and therefore readily taken into
account in the simulation of the second aerial image.

The topography of the mask and the refractive index or
complex refractive index of the mask material can also be
determined and taken into account in the simulation.

il

10

15

20

25

30

35

40

45

50

55

60

65

4

In a further embodiment of the invention, the simulation of
the second aerial image 1s based on a mask pattern that has, at
least 1n part, a higher resolution than the first acrial image.

This measure has the advantage the discretization errors 1n
the calculation of the aerial image are minimized.

Since the positions of features in the first and second aerial
images are to be determined with subpixel accuracy, a method
that produces a position-sensitive aerial 1image 1s advanta-
geous for simulating the second aerial image. The mask pat-
tern on which the aerial image simulation 1s based is in the
form of a transmission function or areflection function. Here-
inafter, the term “transmission function” also encompasses
the term “‘reflection function.”

To mimnimize computing complexity, 1n a variant of this
embodiment, the calculation of the aerial images using this
high resolution of the transmission function of the mask 1s
limited to regions relevant to the position determination. The

resolution of the mask pattern, 1.¢., the transmission function
of the mask, 1s preferably 1 nm/pixel or 0.5 nm/pixel. The
stated measurements refer to the dimensions of the mask. The
pixel size refers to the resolution of the first aerial image and
1s defined by the design of the detector of the position mea-
suring device.

In a further embodiment of the invention, the simulation of
the second aerial image 1s based on pattern specifications of
the mask that are in the form of a continuous transmission
function, the second aerial 1mage being determined as a
matrix of discrete intensity values, a discretization of the
spectrum of the mask being performed without further
approximation.

This measure has the advantage of providing an etficient
method for the simulation of position-sensitive aerial images.
Displacements of features due to errors caused by a discreti-
zation of the transmission function are avoided.

In an advantageous variant of this measure, the continuous
transmission function 1s decomposed 1nto a sum of functions.
Theindividual functions describe basic building blocks of the
pattern specifications or transmission functions of the mask.
The building blocks are configured, for example, as triangles,
since all polyhedra deriving from the pattern specifications of
current masks can be decomposed nto triangles.

In a further embodiment of the invention, at least one
region of the feature 1s defined that will be taken 1nto account
in determining the distance.

This measure has the advantage that regions that are par-
ticularly position-sensitive are selected. This increases the
accuracy of the method while at the same time minimizing
computing complexity.

Plural regions of the feature can also be selected. This
increases the accuracy of the pattern determination.

In a further embodiment of the invention, the at least one
region of the feature 1s embodied as an edge of the feature.

This measure has the advantage that particularly position-
sensitive regions can be included 1n the position determina-
tion. Due to the comparatively high intensity gradients of
edges of features 1n aerial images, these change radically with
position.

In a further embodiment of this measure, plural edges are
selected to further increase the accuracy of measurement.

In a further embodiment of the invention, the method
includes the steps of:

designating, in the first and the second aerial image, at least

one region of the feature that 1s to be taken 1nto account
in determining the registration error,

determining the at least one first and second position of the

at least one region, and
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determining the distance on the basis of the at least one first
and second positions of the at least one region in the
aerial 1mages.

This measure has the advantage that the same method for
determining the positions of the regions (the first and the
second position) can be used on both aerial images (the first
aerial image and the second aerial 1image). In this way, there
are no discrepancies between different methods that would
talsity the registration errors.

In a further embodiment of the invention, the position of
the feature 1s determined by means of the position of at least
one edge of the feature, the position of said edge being deter-
mined by a threshold value method.

This measure has the advantage that the position of the
feature can be determined 1n a simple and fast manner.

The threshold value method, also known as the threshold
method, makes it possible to determine the position of an
edge without having to know the profile of an edge. The
position of the edge 1s determined from an edge profile using
a threshold value of, for example, 70% of the maximum
intensities 1n the aerial 1mage.

The above method can be used to directly determine the
position of the designated region 1in an aerial image for a
defined threshold value. Subpixel-accurate position determi-
nation 1s also possible.

In a further embodiment of the invention, the method com-
prises the steps of:

designating at least one region 1n the first or the second

aerial 1mage,

determining a position of the region 1n the other aernal

image, and

determining the distance on the basis of the at least one

difference between the positions of the at least one
region 1n the aerial 1mages.

This measure has the advantage of providing high-accu-
racy methods for determining the respective positions of
regions of an 1image 1n another image.

The at least one region can be designated 1n the first aerial
image and the position of the region determined 1n the second
aerial image. The region can also be designated in the second

aerial image and the position of the region determined 1n the
first aecrial 1mage.

The at least one difference between the distances separat-
ing the positions for a feature and the pattern specifications of
the mask can be used to determine the actual position of this
region.

The positions can be determined with subpixel accuracy by
this method.

In a further embodiment of the invention, the position of
the at least one region 1s determined by the least squares
method.

This measure has the advantage of making 1t possible also
to determine the positions of regions that have intensity dis-
continuities 1n their edge regions.

These discontinuities make 1t impossible to use cross-cor-
relation for position determination, since the Fourier spec-
trum of such 1mages 1s not bandwidth-limited. This measure
makes 1t possible to determine positions of arbitrary details of
patterns, including details of device patterns, such as corners
or edges, for example, in aerial 1mages.

In a further embodiment of the invention, the at least one
designated region 1s masked, all the image data of the aenal
image being suppressed outside the masked region.

This measure has the advantage that a simple and fast
method can be used for position determination. Since the size
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of the first and second aerial images remains the same because
of the masking, the use of correlation methods 1s greatly
simplified.
Other regions 1n an aerial image can also be masked.
In a further embodiment of the invention, a first position of
the at least one edge derived from the pattern specifications of
the mask 1s adopted as the nominal position. A second posi-
tion of the edge 1s determined as the actual position, based on
the pattern specifications of the mask and the difference
between the positions of the at least one region 1n the aerial
1mages.
This measure has the advantage that the nominal and actual
positions of edges can also be determined on the basis of
correlation methods.
From the positions of the edges the position of a feature can
also be determined, for example as the position of the center
of symmetry.
In a further embodiment of the invention, the method com-
prises the steps of:
determiming a first position of the feature 1n the first aerial
image, irom at least one first position of an edge,

determining a second position of the feature 1n the second
aerial image, from the at least one second position of an
edge, and

determiming the distance as the difference between the first

position and the second position.

This measure has the advantage of providing an efficient
method for identifying features from edge positions.

The position of a feature can be determined, for example,
from the positions of the center of symmetry. A characteristic
position of the feature can also be determined by statistical
methods, such as the least squares method, for example, using
the positions of plural edges.

In a further embodiment of the invention, the at least one
region includes the feature.

This measure has the advantage that only one position
determination need be performed. Designating the detail
simultaneously serves the purpose of designating the feature
whose registration error 1s to be determined.

Further according to the invention, a method 1s provided
for simulating an aerial image from pattern specifications of a
mask, wherein the aerial image 1s determined as a matrix
composed of pixels having intensity values, taking as a basis
the pattern specifications of the mask 1n the form of a trans-
mission function that has, at least 1n part, a higher resolution
than the first aecrial 1mage.

This method makes it possible to simulate position-sensi-
tive aerial images. Numerous advantages of the method and
of the following embodiments have already been stated.

In a further embodiment of the mnvention, the pattern speci-
fications of the mask are present in the form of a continuous
transmission function, and a discretization of the spectrum of
the mask 1s performed without further approximation.

In a further embodiment of the invention, the continuous
transmission function 1s decomposed 1nto a sum of functions
that describe the basic building blocks of the pattern specifi-
cations.

In a further embodiment of the invention, the building
blocks are configured as triangles.

In a further embodiment of the mnvention, the pattern speci-
fications of the mask are transformed into a matrx.

This measure has the advantage that the aerial image can be
simulated 1n a simple manner by determining the complex
spectrum of this matrix.

In a further embodiment of the invention, the resolution
matrix varies.
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This measure has the advantage that the computing com-
plexity for simulating the aerial image 1s limited. The resolu-
tion of the matrix can be increased in regions with higher
intensity gradients (such as, for example, i the vicinity of
edges).

Further according to the invention, a position measuring,
device 1s provided, comprising a control unit that performs
the following steps:

providing a first aerial image that 1s captured by means of

the position measuring device and includes at least the
feature,

simulating a second aerial 1image that includes at least the

feature on the basis of pattern specifications of the mask,
taking into account at least one effect that causes distor-
tion of the first aerial 1mage, and

determining the registration error of the feature as the

distance of the position of the feature 1n the first aerial
image from the position of the feature i the second
aerial 1mage.

The control unit 1s, for example, a computer programmed
such that the atoresaid steps can be performed. The control
unit programmed such that all the aforesaid methods and their
embodiments can be carried out.

For example, the 1llumination setting and the polarization
of the illuminating light {from the position measuring device
are preset for the capture of the first aerial image. These
presets can be taken into account 1n the simulation of the
second aerial image.

It 1s understood that the characteristics of the mnvention
cited above and explained 1n more below can be used not only
in the described combinations, but also 1in other combina-
tions, without departing from the scope of the present inven-
tion.

The mvention will be described and explained 1in more
detail below on the basis of a few selected exemplary embodi-
ments and with reference to the drawings.

DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic diagram of a position measuring
device.

FIG. 2 1s an aerial image of a feature.

FIG. 3 1s a graph showing the discrete intensity profile of
the aerial image along section line A-A 1n FIG. 2.

FIGS. 4-8 are graphs showing representations explaining
subpixel-accurate position determination.

FIGS. 9-11 are graphs showing representations explaining,
another embodiment for subpixel-accurate position determi-
nation.

FIGS. 12-14 are graphs showing representations explain-
ing another embodiment for subpixel-accurate position deter-
mination.

FIG. 15a shows a mask pattern of a first example for
determining registration errors.

FIG. 156 shows an aerial image of the first example for
determining registration errors.

FIG. 16 1s a graph of registration errors introduced as
artifacts by proximity effects in the first example.

FIG. 17 shows a mask pattern of a second example for
determining registration errors.

FIGS. 18a and 185 are aerial images of the second example
for determining registration errors.

FIG. 19 are graphs of registration errors introduced as
artifacts by proximity effects in the second example.

FI1G. 20 1s a flow chart of an exemplary embodiment of the
method according to the invention.
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FIG. 21 shows an example of the decomposition of a trans-
mission function of a mask into triangular regions.

DETAILED DESCRIPTION

FIG. 1 depicts a position measuring device 10 that serves to
measure the position of patterns on masks.

A mask 1 for photolithography is placed on a stage 2. The
stage 2 can be moved 1n three spatial directions to position the
mask 1. To ensure high accuracy, the current position or the
path difference 1s monitored by means of laser interferometric
or other high-precision measuring instruments (not shown).
The mask 1 and the stage 2 are arranged horizontally; the
mask plane 1s denoted the xy-plane. Disposed above the stage
2 with the mask 1 1s an 1llumination device 3. This includes at
least one 1llumination source emitting coherent i1lluminating
light, which illuminates the mask via an i1llumination beam
path. The illuminating light source can be embodied, for
example, as a laser that emats light with a wavelength of 193
nm. The 1llumination device 3 serves to shine light through
the mask 1. On the other side of the stage 2 1s another 11lumi-
nation device 3', which serves to 1lluminate the mask 1 with
incident light. Stops 11 and 11" are used to configure 1llumi-
nation settings, such as, for example, dipole, quadrupole,
annular, etc. The polarization of the illuminating light 1s set
via polarizers 12, 12'. To center the stop 11 or 11", a Bertrand
lens 13 1s brought into the beam path by drive 14. The pupil
plane of the imaging beam path of the position measuring
device 10 1s then projected onto a detector 6.

A detail of the mask 1 that 1s located 1n the 1image field 1s
projected through a projection lens 4 and a beam splitter 5,
using either the light passing through the mask 1 or the light
reflected by 1t, onto the local-resolution detector 6 embodied
as a CCD (charge coupled device) camera. The optical axis of
the projection lens 4 1s denoted by reference numeral 9, and its
direction 1s designated the z-direction. The detected intensi-
ties of the first aerial 1mage are digitized and stored as a
grayscale image by a control unit 7, embodied as a computer
with a monitor. This image 1s configured as a matrix of 1000x
1000 pixels based on intensity values.

Measurement of the positions of patterns on the mask 1 1s
performed 1n relation to reference markings (alignment mark-
ers) on the mask 1. The positions of patterns on the mask are
stated 1n terms of the mask coordinate system. This 1s defined
by two mutually perpendicular axes denoted x and y. To
measure the positions of the patterns relative to the mask
surface, before the individual positions of the patterns are
measured, the position of the mask on the stage 1s determined.
This can be done, for example, by determining the respective
positions of the edges of the mask 1 1n relation to special
features, known as markers, whose positions on the stage are
known. The laboratory coordinate system 1s defined by the
positions of the markers on the stage. The coordinate system
of the image field of the first aerial image to be captured and
of the first aerial 1mage 1itself 1s a right-angled coordinate
system whose x- and y-axes are parallel to the axes of the
mask coordinate system. The origin 1s at the center of the
image. The position of the aerial image or of the image field
in relation to the mask 1s given by the position of the origin 1n
the mask coordinate system.

The following discussion relates to the mask coordinate
system. As stated above, 1t 1s possible to convert the positions
to other reference systems, such as, for example, the labora-
tory coordinate system.

To take an aernial 1mage of the mask 1, the latter 1s oriented
in the xy-plane so that the desired region comes to lie in the
image field of the position measuring device and is projected
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onto the detector 6. Once the best focus plane has been deter-
mined by moving the stage 2 1n the z-direction, a grayscale
image 1s taken by the detector 6 and the control unit 7. In a
variant of the method, additional aerial images are taken
parallel to the best focus plane; these are known as focus
stacks. For example, 7 or 9 aerial images are taken at distances
from the best focus plane 1n both directions of the optical axis,
for example at intervals of 150 nm. The registration error
determination 1s performed individually for each of the
images 1n a focus stack. The image sharpness is also evaluated
for each focus stack. The registration error 1s used to generate
a function that depends on 1mage sharpness. The value of this
function at the point of best image sharpness 1s the most
accurate value of the registration error.

The simulation of the second aerial image 1s performed by
means of commercially available software, such as Micro-
Sim, for example, based on the pattern specifications of the
mask, the mask design. The MicroSim software 1s described,
for example, 1n: M. Totzeck, “Numerical sitmulation of high-
NA quantitative polarization microscopy and corresponding,
near-fields,” Optik 112 (2001), 381-390 (MicroSim-Sofit-
ware, University of Stuttgart). The imaging conditions of the
position measuring device, such as, for example, numerical
aperture, wavelength, degree of coherence of the 1llumina-
tion, etc., are taken 1into account 1n the simulation. Effects that
cause distortion of the aenal image during the 1maging of the
mask by the position measuring device, particularly proxim-
ity effects, are taken 1nto account. With regard to proximity
cifects and aerial image simulation, see the article: H. H.
Hopkins, “On the diffraction theory of optical images,” Pro-
ceedings of the Roval Society of London, Series A, Math-
ematical and Physical Sciences 217/1130 (1953), 408-432.

To carry out the method, 1n a variant, a stmulation of the
second aerial image with higher resolution of the transmis-
s1on function of the mask 1s used. This measure particularly
has the effect of minimizing discretization errors 1n the cal-
culation of the aenial 1mage. The extent of a pixel of the
detector 6 1n the x- and y-directions 1s consistently 25 nm,
referred to the dimensions of the mask. Calculation of a
transmission function with the resolution at the ideally
needed 1 nm/pixel results 1n a matrix of 25,000x235,000 pix-
cls. To mimmize computing complexity, only the relevant
regions of the aerial image are calculated using this high
resolution of the transmission function or reflection function
of the mask.

The procedure used to simulate the aerial images 1s as
tollows. The intensities of an aerial 1mage composed of a
matrix of nxm pixels are determined for each 1llumination
direction ] as:

N M
[ = Z Z Sro Piﬁn’ P28 —1)n=1)/N ,2mi(m’ ~1)(m-1)/M

n=1m'=1

The total intensity 1s obtained as the weighted sum over all the
illumination directions j, where w; are the associated weight-
ing factors:

S i), I1

S, 1s the complex spectrum of the mask, 1.e., the Fourier
transtorm of the transmission function of the mask. The trans-
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mission function of the mask 1s obtained as a continuous
function M(x, y) from the pattern specifications of the mask.

P U is the complex transmission function of the pupil,
which describes the numerical aperture, aberrations and the
illumination angle.

It 1s not generally possible to calculate the complex spec-
trum of an arbitrary continuous function M(X,, y) analytically.
In a variant of the method, the continuous transmission func-
tion of the mask 1s discretized. It 1s thereby transformed 1nto
a matrix Mm:M(XH, y, ) composed of nxm pixels. The com-
plex spectrum of this transmission function can be calculated
by:

M [1I
M, o270 =D LYN 27’ ~1)n—1)/M

N
Sﬂmzz

n=1m'=1

To permit subpixel-accurate analysis of the simulated
aerial 1image, the itensities of the individual pixels of the
simulated aeral image are reproduced with an accuracy of 1
nm or better, based on the dimensions of the mask. The size of
a pixel 1n an aerial image captured with a position measuring
device has an edge length of 25 nm, referred to the mask
dimensions. The image 1s composed of a matrix of 1000x
1000 pixels; the image field has an edge length of 25 um.

Hence, the starting point for the simulation of an aerial
image 1s a transmaission function of the mask that has a reso-
lution of 1 nm or even 0.5 nm per pixel of the captured aerial
image. To keep the computing complexity low, this resolution
1s used only for regions that are relevant for position deter-
mination, such as selected regions of features, for example.

In a varniant of the method, the continuous transmission
function of the mask M(x, v) is decomposed into basic build-
ing blocks (pattern), which are described by functions f’k (X,
y). Fourier transformation of the functions 1n these forms can
then be performed analytically.

The decomposition into building blocks 1s effected in such
a way that each building block has a constant complex trans-
mission t,. For example, in the case of a mask having patterns
formed by chromium on quartz glass, the chromium-coated
regions are decomposed 1nto building blocks of a first com-
plex transmission and the chromium-free building blocks into
regions having a second complex transmission. The continu-
ous transformation functions of the masks can be expressed
as:

M(I, y)=zrk?3k(-xa y)-,- v
k
where
5 1:1f (x, y) 1s within a building block
(% y) = 0 : otherwise

Suitable building blocks are triangles. The mask patterns of
current masks consist of polygons that can be decomposed
into triangles. Analytical Fourier transtormation of triangular
areas 1s also possible. The complex spectrum S, = can be
calculated as follows:

| R .
Sﬂm _ L f]‘bM(x’ y)iE_ij(nxfﬂ+m}’fb)d_xﬁfy —
ab Jo Jo
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-continued

5, (S e
— 1 P (x, y) e 20t gxd y
AN

& Triangle
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k

where a and b denote the edge lengths of the rectangular area
to be simulated. This method eliminates the need to discretize
the continuous transmission function of the mask. At the same
time, the discretized spectrum S, 1s calculated in the Fourier
space.

To decompose the transmission function of the mask 1nto
triangles, a known algorithm 1s used. See H. ElGindy, H.
Everett and G. T. Toussaint, “Slicing an ear using prune-and-
search,” Pattern Recognition Letters 14/9 (1993), 719-722.
This can also be done manually. An example of the decom-
position of a transmission function of a mask 15 1nto trian-
gular building blocks is illustrated i FIG. 21. This shows
only the triangulation of a region 16 of complex transmaission,
represented by the hatched areas in FIG. 21. The figure shows
the decomposition into triangles of a cross-shaped marker 16
with a square opening at its center. The decomposition of
region 17 of the mask 15, depicted 1n white and having a
different complex transmission, 1s not illustrated 1n FIG. 21.

The distortions due to the objective lens of the position
measuring device are determined by known methods and are
present, for example, as a Zernike polynomial. The intensity
distribution of the field plane can be measured with the posi-
tion measuring device itself by taking an aerial image without
a mask 1n the beam path. Alternatively, a mask with no pat-
terns applied to 1t 1s brought 1nto the beam path. To measure
the mtensity distribution of the pupil plane of the position
measuring device 10, the Bertrand lens 13 1s brought into the
beam path. The three-dimensional topography of the mask 1s
determined, for example, by methods such as atomic force
microscopy. The complex refractive index of the mask mate-
rial 1s determined, for example, by ellipsometry.

In a variant of the method, the position of a feature in the
first (captured) aerial 1mage or the second (simulated) aenal
image 1s determined by determining the positions of selected
edges of the feature. The edge positions are determined by a
threshold value method that permits subpixel-accurate posi-
tion determination.

The analysis will be explained based on the example of an
edge of an aerial image of a feature configured as a cross
composed of two bars L1 and L.2. The aerial image 1s depicted
in FIG. 2; the darker the shade of the pixels 1n question, the
higher their intensity.

The discrete intensity profile along section line A-A 1n FIG.
2 15 1llustrated schematically 1n FIG. 3, a circle being drawn 1n
for each intensity value of a pixel. For easier comprehensi-
bility, however, not all the pixels are shown. The coordinate in
um 1s plotted on the x-axis i FIG. 3, and the intensity I 1n
relative units along the y-axis. FIG. 3 also shows the threshold
value T for the intensity, which 1s set in order to determine the
position of the edge. In the example described here, the width
of the region captured per pixel 1 the x-direction 1s 25 nm,
and the edge 1s therefore captured with this resolution of 25
nm 1n the x-direction. Each pixel P 1s assigned the center as its
x-direction coordinate.

As 1s evident from the representation of FI1G. 3, both the left
and the rnght edges lie between two pixels. Region C 1s shown
enlarged 1n the next figure, FIG. 4, where the pixels of the
discrete itensity profile are numbered consecutively from 1
to 9.
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First, the pixel P whose intensity value 1s closest to the
threshold value T 1s selected. In the example of FIG. 4, this 1s
the fourth pixel P(4). This fourth pixel P(4) and the two
adjacent pixels on each side, P(2), P(3), P(5) and P(6), are
selected as the analysis pixels.

A line of best fit gl 1s calculated for these five analysis
pixels P(2)-P(6), as illustrated mn FIG. 5. The intersection
point S1 of the line of best fit g1 with the threshold value T or
threshold value line T 1s then determined, as 1s the distance
ox1 1n the x-direction between the intersection point S1 and
the pixel P(4) whose intensity value is closest to the threshold
value T.

It1s then determined whether the magnitude of the distance
ox1 1s greater than a maximum value e.

I1 this 1s not the case, the determined distance 6x1 and any
other distances that have been determined, as will be
described below, are then added to the coordinate of pixel
P(4) to obtain the edge position with subpixel accuracy.

I1 0x 1s greater than e, a continuous profile function p(x) of
the edge 1s shifted by —0x1. The continuous profile function
p(x) of the edge, which 1s calculated as a function of the
coordinate based on pixels P(1)-P(9), i1s plotted in FIG. 6.
Here, the profile function p(x) 1s obtained, for example, by
linear interpolation between two adjacent pixels P on each
side. The shiit of the continuous profile function p(x) 1s 1llus-
trated 1n FI1G. 7, the shifted profile function p'(x) being rep-
resented 1n dotted form. The intensity value of the shifted
profile function p'(x) 1s now determined at the respective
coordinates of the pixels P, such that all the pixels P(1)-P(9)
have modified intensity values. The new 1ntensity values are
represented in dotted form.

The pixel whose mtensity value 1s closest to the threshold
value T 1s then re-determined. This 1s again pixel P(4). Pixel
P(4) and the two adjacent pixels i both directions are
selected as analysis pixels. A line of best fit g2 1s again
determined for these analysis pixels P(2)-P(6), as 1llustrated
in FIG. 8. The itersection point S2 of the lines of best fit g2
with the threshold value 1s determined, as 1s the distance 0x2
of the intersection point S2 from the coordinate of the middle
pixel P(4). If the determined distance 0x2 1s not greater than
the maximum value e, the process 1s terminated and the edge
position 1s determined with subpixel accuracy based on all the
determined distances 0Xx, as described above.

I1, however, the determined distance 0x2 1s greater than the
maximum value ¢, the already shifted profile function 1s
shifted by —-0x,, the new 1ntensity values of the pixels P are
determined in the same manner as 1n FIG. 7, and the distance
ox 1s then determined 1n the same manner as 1n FIG. 8. This 1s
repeated until ox 1s no longer greater than the maximum value
¢. The position of the edge 1s then determined with subpixel
accuracy from all the determined distances.

The position of the right edge can also be determined with
subpixel accuracy by the above procedure. In particular, 1t 1s
also possible to select the arithmetic mean of the two edge
positions as the position of the perpendicular bar L1 (FIG. 2)
of the feature.

The positions of the edges can also be determined as fol-
lows. Proceeding from the discrete intensity profile of FIG. 2,
the continuous profile function p(x) of the edge 1s calculated
for region C as a function of the coordinate x, and thus based
on pixels P(1)-P(9), as illustrated in FIG. 9.

The intersection point S3 of the continuous profile function
p(x) with the threshold value T i1s then determined. The coor-
dinate x3 of the intersection point S3 serves as the starting
point for the determination of additional analysis pixels
whose distance from coordinate x3 in each case 1s a whole
multiple of the spacing of the pixels P. Here, two additional
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pixels to the right and to the left are determined, as indicated
in FI1G. 10. The intensity values of the profile function p(x) at
the thus-selected coordinates are determined, and five analy-
s1s pixels A(1)-A(5) are designated 1n this manner.

A line of best fit g3 for the analysis pixels A(1)-A(5) 1s
determined, as 1s the itersection point S4 of the lines of best
it g3 with the threshold value T (FIG. 11). The coordinate
x(S4) of the 1ntersection point S4 1s then used to calculate the
edge position with subpixel accuracy.

The edge position can further be determined as follows.
First, from the discrete intensity of profile of FI1G. 2, region C
1s selected (FIG. 12). The so-selected pixels P form a discrete
pixel profile, which 1s smoothed by calculating a sliding aver-
age over, 1n this case, five pixels. The thus smoothed profile 1s
illustrated 1n FIG. 13, the new intensity values of the indi-
vidual pixels being represented as dotted lines.

Based on the smoothed pixels P, a continuous profile func-
tion p(x) 1s calculated as a function of the coordinate x. The
intersection point of the continuous profile function p(x) with
the threshold value T 1s determined and the corresponding
coordinate xX(S3) of the intersection point S3 is then used to

perform the subpixel-accurate position determination, as
illustrated in FIG. 14.

Alternatively, the method disclosed in DE10047211 can be

used for the edge position determination.

Various methods are available for determining the position
of aregion of an aerial image relative to another aerial image.
The region can be cut out of the aerial image and the position
determined in the other aerial 1mage. As explained subse-
quently below, 1t may be advantageous not to cut out the
region, but to mask it 1n the original aerial image. Its size 1s
preserved 1n this way, and the position determination method
1s stmplified 1f the aerial images to be compared are the same
s1ze. The region will be referred to below as image 1, and the
aerial 1image as 1mage 2.

In a first method, particularly when the existing image 1
and 1mage 2 are the same size, cross-correlation 1s used, as
disclosed 1 DE 10 2006 059 431 Al.

To determine the relative position of image 1 with respect
to 1image 2, the two-dimensional correlation between image 1
and 1mage 2 1s calculated according to the following formula

(1):

(1)

B
(| P2

Where, inthe ideal case, B, , A L. and the maximum occurs
at m=1=n with the shifted image according to:

P 0 ) (2)
Amn =Re Z Z ap,q ' (ﬂp)l_m ' (Vq)l_n :
y

=1 n=1

Image 1 and 1image 2 are the same size and have P rows and O
columns of pixels, the phasors being defined as follows:

pp:e_zm'ﬂf’,pZI ... P (3)

wgze_hf'a?, g=1...0 (4)
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with the following coordinates

(5)

(6)

The floor function returns the largest whole number of the
argument that 1s less than or equal to the argument.

In a next step (Step 3), the total number of pixels (m=1,
n=1) for which the correlation 1s maximal (C=C, ;) 1s deter-
mined.

In the following step 4, the subpixel shift vector (Ax, Ay)1s
determined. Two alternatives for this step are described
below.

According to a first alternative (step 4a), the so-called

antisymmetry of the correlation matrix 1s minimized. For this
purpose, with reference to a center of symmetry (m, n) for
cach pixel (m, n) and the correspondingly mirrored pixel
(2:m-m,2-fi-n), the squared differences (C,,,,~Ci_m 251-1)
are summed and are denoted as AoC, ..
AoC,;., 4.1 18 the calculated using adjacent pixels as the
center. The two-dimensional subpixel shift vector (Ax=n-1,
Ay=~m-1) is the determined by means of a parabolic fit or a
parabolic interpolation near the extreme value m=m, n=n.

According to the second alternative (step 4b) of step 4, the
correlation C,, ,, for the pixels m=m, m=1 and n=n, nx1 are
used directly to determine the subpixel shift vector (Ax, Ay).
In this case, the maximum of the correlation 1s determined by
means of a parabolic fit near the extreme value m=m, n=n.

The subpixel deviation (Ax, Ay) determined 1n step 4a or 4b

1s added to the pre-existing shift X, . orY, ., (step 5) 1n
order to calculate a new total shift X Y

roral? ~ rtoral’

(7)

On the first pass through step 4, the pre-existing total shift
1s the shift of (m, n) to (1,1). In the subsequent 1teration loops,
the pre-existing total shiit 1s the total shift calculated in step 5
of the preceding 1teration loop.

From this total shift, the phase tilt of the spectrum 1s gen-
erated by multiplication (Step 6):

xmmf ﬂxmmf +AX sV totef —YV torter! +£y

(8)

A check 1s then performed to determine whether the sub-
pixel shift (Ax, Ay) 1s less than a predetermined maximum
value (step 7). It this 1s not the case, the correlation C,, , 18
calculated according to the above formula 1 with the phase tilt
according to formula 8 (step 8 ), which 1s equivalent to shifting
the two 1mages, image 1 and 1image 2, relative to each other by
the total shift determined 1n step 3.

Steps 4-7 are then repeated, although it 1s no longer nec-
essary for the shift to be a full pixel shift (step 3). In the
re-performed step 6, the new total shift is re-applied to image
2. In terms of result, this 1s the same as shifting the already
shifted image 2 only by the recalculated subpixel shiit vector.
Formula (7) 1s to be replaced by the following formula (7') 1n
this case:

4 = . —Viotal. —Xfotal
ap?g_ap?g (Hp) fota (wg) fota

Mmmfzmr ymmfzﬁy (7I)

Steps 8 and 4-7 are repeated until the subpixel shiit in step
7 1s found to be smaller than a defined threshold value.
I1 this 1s the case, no further 1terations are performed, and,

in step 9, the total shift or total image distance (x._, ., V,.,.7)
between the two 1mages, 1mage 1 and 1mage 2, 1s output.
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To determine the position of image 1 (a region of an aerial
image) relative to image 2 (another aerial image), 1n a further
inventive method the method of least squares 1s used. This
mathematical method 1s advantageous because, unlike the
preceding mathematical method, it can be employed even
when discontinuities are present 1n the mtensity distribution
of the edge region of 1image 1. As a result, 1t 1s possible not
only to select regions that encompass an entire feature, but
also to select regions that include, for example, an edge of a
teature. In 1mage 1, the selected region of the aerial 1image 1s
masked. All the image data outside the masked region are
suppressed during the position determination. Image 1 and
image 2 thus remain the same size. Plural regions, for
example plural edges of a feature, can also be masked 1n
image 1.

The position 1s determined by the least squares method,
image 1 being shifted cyclically 1n relation to image 2 and the
sum o1 the squared differences between the intensities 1n the
two 1mages, 1mage 1 and 1image 2, being calculated for each
shifted position across all the image dots. Summing the
squared differences between the intensities 1n 1mage 1 and
image 2 across all the 1image dots 1s equivalent to overlaying
the two 1mages, 1mage 2 being stationary and image 1 being

shifted.

The term “cyclic shift” 1s understood here to mean that the
image data from the first image, image 1, which during the
shift are shifted outside the 1mage edge of the second 1image,
image 2, are shifted back into the respective opposite image
edge side of 1image 2.

The shifted position 1s sought at which the above-described
welghted sum, which will be referred to below as the optimi-
zation function, assumes an extreme value (maximum or
mimmum). The shifted position present at this extreme value
1s the sought position of image 1 relative to image 2.

An optimization function M(X,y) can be represented, for
example, by the following formula (1a):

P-1

O-
Mx,y)==) >

m=0

(1a)

2(}’)

I — > maximum

mn(-x y) an]

o e —-‘I—l

where K . the normalized 2D masking (also reterred to

hereinafter as keyhole masking or kevhole apodization), with

P-1

ﬁ:h

Kmn:

I
=

m=0n

A, . (X,y) represents the image 1 to be shitted, which has been
shifted by a vector (-x,-y), and B, , denotes the stationary
image 2. Both captured images are the same size and each
contains Px(Q) pixels. Both captured images are matrices com-
posed of Px(Q pixels of the same size. In a vanant of the
exemplary embodiment, P=Q=1000. This corresponds to the
matrix of pixels of the detector 6 of the position measuring,
device 10. The intensity values of the two captured images
that can be found at the same pixel position in both captured
images (taking the shift (—x,y) into account) are constantly
subtracted from each another by the summation.

Since B, , 1s not shifted and therefore does not depend on
the shift vector (-x,-y), the optimization function can be
rewritten as follows:
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(2a)

S: S: Km,ﬂ ' [2 ] Am,n(-xa y) ] Bm,n - Am,n(xa }’) ]ﬂmammum

m=0 n=0

If a spectral decomposition 1s performed for image 1 and
image 2, formula 2a can be written as follows:

(3a)

—Kfmf.!

p.g
(x,¥)
M(x, y)—P o E 2 -apqBr,— @pgl-e e gty p) 1V o oximum

where the asterisk (*) here means that the quantity concerned
1s a complex conjugate value.

For the above Formula 3a, the following spectral decom-
positions are performed:

L ' . . (4a)

Amn(X, y) = ﬁz ap g . p 2T tx]Eg +m+y]9p)
Amn(X, y)2 = PLQZ Xp g . p 2T x] g +m+y]17p) (Sa)
K " Bmn = P-LQ; B, - @Zreqmap) (6a)
Konn = PLQZ Kp g - €250 Eq D) (7a)

P
In addition, a,. denotes the following spectral folding:

(8a)

Apq =A@ a),4 =

1
_QEL Qp—p' .q-q "9p’ ¢
G

and the functions ¢ _, 1, are defined according to the following
formulas 9a and 10a:

(Ya)

(10a)

The floor function returns the largest whole number of the
argument that 1s smaller than or equal to the argument. In this
way, the relative position of image 1 with respect to image 2
can be determined numerically with high accuracy.

Due to the weighted summation according to the above-
cited optimization function, a hard edge 1s incorporated into
the overlay, but this does not eliminate bandwidth limitation
from the spectral decomposition Thus, i the difference
according to the kernel , _ in formula 3a, even though neither
p*, ,NOrK, 1s bandw1dth limited, both the minuend and the
subtrahend are bandwidth-limited, since a, and a, are
spectral bandwidth-limited. Due to the foldmg according to
tormula 8, a, , does have a larger spectral regionthana, but
it 1s still spectral band-limited. It 1s therefore poss‘,lble to

obtain a numerical solution to formula 3a that 1s very accu-
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rate. For the rest, the subtrahend o-K* can be viewed as a term
that balances the effect of the leading cross-correlation term
2a-p*. Hence, intensity inhomogeneities can be present on the
edge trajectory of the weighting and the inventive method will
still yield the relative position being sought. In conventional

[ 1

correlation methods, for example of the kind described 1n DE

102007 033 8135 Al, edge inhomogeneities of this kind make
it impossible to obtain meaningftul results.

Not all of the shifted positions have been found to yield
meaningiul results, since the optimization function often has
several local maxima or mimima. Consequently, for example
the relative position of image 1 with respect to 1mage 2 or a
portion thereot 1s determined relatively coarsely by correla-
tion methods, as described above. Such relatively coarse posi-
tion determination i1s understood here particularly to include
pixel-accurate determination. This relative position shift 1s
then used as the starting value for the optimization function,
to ensure that the extreme value that 1s then found 1s also the
sought local extreme value of the optimization function.

Other parameters can also be taken 1into account in this least
squares method with weighting. For example, the disparate
image control of the two 1images can be taken into account by
means of a further parameter S, as given 1n the following
formula 11a. This 1s necessary, for example, 11 the intensity
values of the images to be compared, image 1 and image 2, are
not normalized to areference intensity. Further additionally, a
brightness ofiset between the two 1mages, due to stray light,
for example, can also be taken into account, as expressed by
parameter T in formula 12a. These formulas 11a and 12a can

be represented spectrally, as described earlier hereinabove,
and can thus be well solved numerically.

P-1 Q-1 (11a)

X, ¥)8 ,
M(x, y,5) = — ;: ;‘J Kf'ﬂ,ﬂ ' [Am,n(-xa y)—35- Bm,n]z i > MAax1muIn
m=0 n=0
Mix,v,S, T)= (12a)
P-10-1 ) ST
— Km,n ] [Am,n(xa y) -5 Bm,n — T]2 i > maximum
m=0 n=0

The optimization function M according to formulas 11a
and 12a can, 1n turn (as in formula 3a), be represented as
follows:

. ' 13
Mi(x, y) = P_QZ Kernel, , . gZ ety p). (13a)

only the kernel , = being different. For formula 11a, the ker-

nelpﬂ . 1s stated as follows:

Kemel,, , ——a, k*, +((ap*)® (@p*),., (14a),

the following abbreviated notation being used here 1n addi-
tion to the abbreviations stated above:

Em,n = Bm,n/J Z Ko ne Bm" !

_ E—Zﬂﬁ(n-gq +meilp)

(15a)

(16a)
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The kernel , _ for formula 12a 1s thus represented as follows:

Kernel, ~—a,, k*, +((ap*)® (@f*)), +({(@x*)

R (ax+)),., (172)

the following abbreviated notation being used here 1n addi-
tion to the abbreviations stated above:

By — (2 K 'Bm",n"] (18a)

m’.n’

2

= E le,n 'an
LA

o 2ilnégtmip) (19a)

The kernel, . in formula 14a for M(X,y,S) according to
formula 11a can be determined by setting the partial deriva-
tive of the optimization function M(X,y,S) after S to zero,
solving this equation after S and inserting 1t into formula 11a,
such that the optimization for parameter S 1s already included
in the kernel statement.

In the same way, the kernel , _in formula 17a can be deter-
mined for formula 12a by deriving the optimization function
M(x,y.S,T) once partially to S according to formula 12a and
setting the dertvative to zero and derniving 1t once partially to
T and setting the derivative to zero, and 1nserting the thus-
determined equations for S and T into formula 12a.

A flow chart of the method according to the invention for
determining the registration error is illustrated 1n FI1G. 20. To
determine a registration error of a feature, a first acrial image
that includes a feature 1s taken at a defined position P1 on the
mask. Position P1 gives the location of the origin of the image
field of the position measuring device 10 in the mask coordi-
nate system, which, as noted earlier, 1s at the center of the
image field. Thus, the origin of the first aerial 1image 1s like-
wise located at the center thereof. The dimensions of the
aerial 1mage correspond to the image field on the mask.

The simulation of the second aenal image 1s based on the
pattern specifications of the mask (the mask design) at posi-
tion P1, corresponding to the dimensions of the image field or
first acrial 1mage.

In a vaniant of the method, the position of the feature 1s
defined by the positions of characteristic edges of the feature.
The characteristic edges are defined as regions 1n the first (or
second) aerial image. This 1s performed by the user at a video
monitor (not shown 1n F1G. 1) which is part of the control unit
7 and which displays the aerial images. An example will be
provided farther below with reference to FIG. 18a. The posi-
tions of the defined regions are given in the coordinate system
of the aerial 1mages. The first positions of the edges, deter-
mined according to the aforementioned threshold value
method, are also given 1n the coordinate system of the aerial
image. Since the registration errors to be expected are small,
the same regions are used for position determination in the
second (first) aerial image as 1n the first (second) aerial image.

Based on the distances of the second positions of the edges
in the second (first) aerial image from the first positions of the
edges 1n the first (second) aerial image, the registration errors
of the edges are determined 1n the coordinate system of the
aerial images, but can be converted directly to the mask coor-
dinate system. If the registration errors of plural edges are
determined, these are used to determine a resulting registra-
tion error of the feature.

To determine a registration error of a feature from plural
edge positions, 1n a variant of the method, from the positions
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of the edges 1n an aerial 1mage, a characteristic point of the
feature, such as its center of symmetry, for example, 1s
selected as the position of the feature. A method for deter-
minming the center of symmetry of a cross composed of bars 1s
given farther below, and this method can also be used gener-
ally for suitable features. The first position of the feature 1s
determined 1n the first aerial image and the second position of
the feature 1s determined in the second aerial image. The
registration error 1s then calculated as the difference between
the coordinates of the second position and the coordinates of
the first position.

The aforesaid correlation method can also be used on the
basis of the edges defined 1n the first (second) aerial image. In
this case, the position of the region of an edge 1n the second
(first) aerial image 1s determined. The positions are then com-
pared by means of defined points, such as, for example, the
centers of the regions. Based on the distances of the centers of
the regions 1n the first aerial 1mage from the centers of the
regions 1n the second aerial image, the registration error of an
edge 1s determined 1mnitially 1n the coordinate system of the
aerial images, but can be converted directly to the mask coor-
dinate system. From the registration errors of the edges, the
registration error ol the features can be determined. To
accomplish this, the registration errors of the edges and the
positions of the edges as specified in the design are used to
calculate the second positions of the edges (the actual posi-
tions). From these second positions, as explained above, the
first position of the feature 1s then determined. The first posi-
tion of the feature 1s determined analogously from the edge
positions given in the pattern specifications.

In a vaniant of the method, plural regions of edges of a
feature can simultanecously be correlated with the second
aerial image. For this purpose, as described above, the regions
of the edges of interest are masked 1n the second aerial image.

In a variant of the method, 1n the first (second) aerial image,
the region of an entire feature whose registration error 1s to be
determined is defined. The position of the region in the second
(first) aerial image 1s then determined. The positions are then
compared on the basis of a defined point 1n the regions, such
as their centers, for example. Based on the deviation of the
coordinates of the center of the region 1n the first acrial image
from the coordinates of the center of the region 1n the second
aerial 1mage, the registration error 1s determined initially 1n
the coordinate system of the aerial images, but can be con-
verted directly to the mask coordinate system.

The determination of registration errors will be explained
with reference to a first example of a cross with an asymmetri-
cal environment. The value to be determined 1s the registra-
tion error of an intersection point 31 of two bars forming a
cross 30. The mask pattern 1s illustrated 1n FIG. 15a; hatched
regions 26, 27, 28, 29 are non-transmitting or non-retlecting,
regions ol the mask. In a conventional transmissive mask, the
hatched regions are coated with chromium. A nearly white
cross 30 composed of two bars of the same width, which form
four sections, 1s adjacent, by four edges of the bars, to two
black squares. The other four edges of the bars are adjacent to
tour nearly black bars 28, 29 that are adjacent to white squares
36, 37. The resulting first or second aerial image 25" 1s 1llus-
trated 1n FI1G. 1554. The lighter the shade of gray, the higher the
intensity of the particular region or pixel.

To determine the position of the intersection point 31 of the
cross 30, first, the positions of the eight long edges of the four
sections of the cross 30 are determined. Fight regions of
interest (ROIs) 32 to 35 are defined for this purpose by the
user, as illustrated 1n FIG. 2. The regions of interest are
defined 1n e1ther the first or the second aerial image. The edge
position determination 1s performed on both the first and the

10

15

20

25

30

35

40

45

50

55

60

65

20

second aerial image. The two regions 33, 35 1n the x-direction
serve to determine the position of the bar 1n the y-direction.
The two regions 32, 34 1n the y-direction serve to determine
the position of the bar 1n the x-direction. For the regions in the
x-direction, an edge profile 1n the y-direction 1s determined by
calculating the average of all the intensity values 1n the x-di-
rection. Each edge profile receives the profiles of two oppo-
site edges of a section of the bars, which are selected during
the determination. From the edge profiles, the positions of the
edges 1n the y-direction are determined with subpixel accu-
racy according to the above-described threshold wvalue
method. The threshold value 1s, for example, 70% of the
maximum intensity in the aerial image. An analogous proce-
dure 1s used to determine the positions of the edges 1n the
x-direction. From the positions of the eight edges, the center
31 of the cross 30 can now be determined by statistical or
geometrical calculation. The distance between the two center
points 31 determined 1n the first and second aerial images 235
1s the registration error.

The following method can be used to determine the posi-
tion of the center 31 of the cross 30. The directions of extent
of the edges are taken from the pattern specifications of the
mask. The orientation of the edges 1s ascertained by means of
the determined edge positions. The tangent equations of the
edges are therefore known. All the edges so defined form a
region around the center 31 of the cross 30. The center 1s now
calculated by the least squares method 1n such a way that 1ts
shortest distances from all the tangents become minimal 1n
the sum of the squares.

To clarify the {falsification of positions by proximity
cifects, acrial images of various embodiments of the mask 25
were simulated. The width 39 of each non-transmissive
region 28, 29 of the mask located adjacent a respective square
transmissive region 36, 37 was varied. The width 39 of the
perpendicularly disposed leg of regions 28, 29 is constant. In
the drawing, this 1s defined as 200 nm. The line width of the
cross 38 on the mask has a constant value of 165 nm. The
distance of the square regions 36, 37 from the cross 30 1s
therefore varied. The registration error of the center of the
cross 30 that 1s introduced as an artifact by the proximity
eifects 1n the y-direction 1s negligible, since the environment
1s symmetrical in this direction. In the x-direction, however,
the proximity effects are considerable. FIG. 16 illustrates the
false registration error as a function of the distance, 1.e., the
width of the leg of the non-transmissive regions 28, 29. With
a distance of 100 nm, the false registration error 1s 6.5 nm;
with a distance of, for example, 400 nm, 1t 15 0.8 nm. The false
registration error tends toward zero with increasing distance
between the transmissive regions.

In a second example, the centers of symmetry of pinholes
are determined. The mask pattern specifications include five
square pinholes arranged 1n a straight line 1n the x-direction.
The mask pattern 1s illustrated in FIG. 17. The edge length of
the pinholes 1s 120 nm; the distance between pinholes 1s 240
nm. The first and second aerial images of the mask are shown
in FIGS. 18a and 185, respectively.

The determination of the positions of the centers of sym-
metry of the pinholes 46 to 50 1s 1llustrated taking the example
of the central pinhole 48 in FIGS. 18a and 185. The positions
of the four edges of the pinhole can be determined. For this
purpose, four regions 51 to 54 of the particular edges are
selected from the aerial image 45', as 1llustrated 1n FIG. 184,
and the positions are determined by the threshold value
method as explained above. The lighter the shade of gray
depicted 1n the aerial image, the higher the intensity of the
particular region or pixel. From the positions of the four
edges, the position of the center of symmetry of the pinhole 1s
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then calculated using simple geometrical calculations. To do
this, for the x-position of the center of symmetry, the average
of the two determined x-values of the edges extending 1n the
y-direction 1s calculated. For the y-position of the center of
symmetry, the average of the two determined y-values of the
edges extending 1n the x-direction 1s calculated. The position
of the center of symmetry of the pinhole 1s determined by the
same method for the other aenal image. The difference
between the respective locations of the centers of symmetry 1s
the registration error.

The differences between the positions of the edges can also
be determined by the above-cited correlation method. The
registration error can also be calculated directly from the
differences between the edge positions. For this purpose, the
average registration error 1s calculated 1n the x-direction and
the y-direction, respectively.

It 15 also possible, however, to use the edge positions from
the mask pattern specifications to calculate the nominal posi-
tion of the center of symmetry of the pinhole, as explained
above. The actual positions of the edges are calculated from
the nominal positions of the edges and the registration errors
of the edge positions. From the nominal positions of the
edges, the nominal position of the center of symmetry of the
pinhole 1s then calculated as described. The registration error
1s then calculated, as described above, as the difference
between the positions of the centers of symmetry.

The position of a center of symmetry of a pinhole 1s also
determined by determining the position of the pinhole from
one aerial image 1n the other aerial image. To do this, region
55 of the pinhole 1s selected 1n one aerial image, as 1llustrated
in FIG. 185. The position of this region in the other aerial
image 1s then determined as explained above. The difference
between the positions corresponds to the registration error.

The influence of proximity effects on registration error
measurement has been investigated with regard to this
example, as well. It was found that registration errors in the
x-direction introduced as artifacts by proximity effects are
more pronounced in the case of pinholes having an asym-
metrical proximity environment. FIG. 19q 1s a graph of the
false registration errors for each of the five pinholes 46 to 50.
These have been numbered (in the same order) 1 to S 1n the
x-direction. For the middle pinhole 48 (number 3), the false
registration error 1s nearly zero; 1t increases to 3.2 nm for the
outermost pinholes 46 and 50 (numbers 1 and 5). The prox-
imity etfects 1n the y-direction are negligible, as can be seen
from the graph of FI1G. 195.

The features described above related to processing of data
can be implemented 1n digital electronic circuitry, or 1n com-
puter hardware, firmware, soitware, or in combinations of
them. The features can be implemented 1n a computer pro-
gram product tangibly embodied in an information carrier,
¢.g., In a machine-readable storage device, for execution by a
programmable processor; and method steps can be performed
by a programmable processor executing a program of 1nstruc-
tions to perform functions of the described implementations
by operating on mput data and generating output. Alterna-
tively or addition, the program instructions can be encoded on
a propagated signal that 1s an artificially generated signal,
¢.g., a machine-generated electrical, optical, or electromag-
netic signal, that 1s generated to encode information for trans-
mission to suitable receiver apparatus for execution by a
programmable processor.

A number of implementations have been described. Nev-
ertheless, 1t will be understood that various modifications
may be made. For example, elements of one or more imple-
mentations may be combined, deleted, modified, or supple-
mented to form further implementations. As yet another
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example, the logic flows depicted 1n the figures do not require
the particular order shown, or sequential order, to achieve
desirable results. In addition, other steps may be provided, or
steps may be eliminated, from the described flows, and other
components may be added to, or removed from, the described
systems. Accordingly, other implementations are within the
scope of the following claims.
What 1s claimed 1s:
1. A method for determinming a registration error of a feature
on a mask, the registration error indicating a deviation of a
nominal position of the feature from 1ts actual position on the
mask the method comprising:
providing a first acrial 1image that was captured by a posi-
tion measuring device and includes at least said feature,
said feature comprising a registration pattern or marker,

simulating, from pattern specifications of the mask, a sec-
ond aerial image that includes at least said feature, tak-
ing 1nto account at least one effect that causes distortion
of said first aerial image, and

determining the registration error of said feature as the

distance of the position of said feature 1n said first aerial
image from the position of said feature in said second
aerial 1mage;

wherein said second aerial image 1s simulated, on the basis

of the pattern specifications of the mask, as a transmis-
sion function that has, at least 1n part, a higher resolution
than said first aerial 1image.
2. The method according to claim 1, wherein at least one of
the following eflects 1s taken 1nto account 1n the simulation of
said second aerial image: proximity elfects, distortion due to
an objective lens of the position measuring device, topogra-
phy of the mask, and refractive index of the mask.
3. The method as 1n claim 1, wherein the simulation of said
second aerial image 1s based on pattern specifications of the
mask that are 1n the form of a continuous transmission func-
tion, said second aerial image being determined as a matrix of
discrete itensity values, a discretization of the spectrum of
the mask being performed without further approximation.
4. The method as in claim 1, wherein at least one region of
said feature 1s defined that will be taken into account in
determining the distance.
5. The method as 1n claim 4, wherein said at least one
region ol said feature 1s embodied as an edge of said feature.
6. The method as 1n claim 1, comprising;:
designating, 1n said first and said second aerial 1mage, at
least one region of said feature that i1s to be taken into
account in determining the registration error,

determining the at least one first and second position of said
at least one region, and

determining the distance on the basis of said at least one

first and second positions of said at least one region 1n
said aerial images.
7. The method as 1n claim 6, wherein said at least one
region 1s embodied as at least one edge of said feature, said at
least one position of said edge being determined by a thresh-
old value method.
8. The method as 1n claim 7, comprising:
determining a first position of said feature 1n said first aerial
image Irom said at least one first position of an edge,

determining a second position of said feature 1n said sec-
ond aerial image from said at least one second position
of an edge, and

determining the distance as the difference between said

first position and said second position.

9. The method as in claim 1, comprising;:

designating at least one region in said first or second aerial

image,
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determining a position of said region 1n the other said aerial

image, and

determining the distance on the basis of the at least one

difference between the positions of said at least one
region 1n said aerial images.
10. The method as 1n claim 9, wherein the position of said
at least one region 1s determined by the least squares method.
11. The method as 1n claim 9, wherein said at least one
designated region 1s masked, all image data of the aerial
image outside the masked region being suppressed.
12. The method as in claim 9, wherein said one region
includes said feature.
13. The method as 1n claim 1, wherein a first position of
said at least one edge 1s adopted as the nominal position from
the pattern specifications of the mask, and a second position
of said edge 1s determined as the actual position from the
pattern specifications of the mask and from the difference
between the positions of said at least one region 1n said aerial
1mages.
14. A position measuring device for determining a regis-
tration error of a feature on a mask, which device comprises a
control unit that performs a method for determining a regis-
tration error of a feature on a mask, the registration error
indicating a deviation of a nominal position of the feature
from its actual position on the mask, the method comprising:
providing a first acrial 1mage that was captured by a posi-
tion measuring device and includes at least said feature,
said feature comprising a registration pattern or marker,

simulating, from pattern specifications of the mask, a sec-
ond aerial image that includes at least said feature, tak-
ing 1into account at least one etiect that causes distortion
of said first aerial image, and

determining the registration error of said feature as the

distance of the position of said feature 1n said first aerial

image from the position of said feature in said second

aerial 1mage, 1n which the second aenal image 1s simu-

lated, on the basis of the pattern specifications of the

mask, as a transmission function that has, at least 1n part,
a higher resolution than the first aerial image.

15. The position measuring device of claim 14 1n which at
least one of the following efiects 1s taken 1into account in the
simulation of the second aerial image: proximity etffects, dis-
tortion due to an objective lens of the position measuring

device, topography of the mask, and refractive index of the
mask.

16. The position measuring device as 1n claim 14 1n which
the simulation of the second aerial 1mage 1s based on pattern
specifications of the mask that are 1n the form of a continuous
transmission function, the second aerial image being deter-
mined as a matrix of discrete intensity values, a discretization
of the spectrum of the mask being performed without further
approximation.

17. The position measuring device as 1n claim 14 in which
at least one region of the feature 1s defined that will be taken
into account 1n determining the distance.

18. The position measuring device as 1n claim 17 in which
the at least one region of the feature 1s embodied as an edge of
the feature.

19. The position measuring device as 1n claim 14 1n which
the method performed by the control unit comprises:

designating, 1n the first and the second aerial image, at least

one region of the feature that 1s to be taken 1nto account
in determining the registration error,

determining the at least one first and second position of the

at least one region, and
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determiming the distance on the basis of the at least one first
and second positions of the at least one region in the
acrial 1mages.
20. The position measuring device as 1n claim 19 1n which
the at least one region 1s embodied as at least one edge of the
feature, the at least one position of the edge being determined
by a threshold value method.
21. The position measuring device as in claim 20 in which
the method performed by the control unit comprises:
determining a first position of the feature 1n the first aerial
image Irom the at least one first position of an edge,

determining a second position of the feature 1n the second
acrial image from the at least one second position of an
edge, and

determiming the distance as the difference between the first

position and the second position.

22. The position measuring device as in claim 14 in which
the method performed by the control unit comprises:

designating at least one region 1n the first or second aerial

image,

determining a position of the region 1n the other the aerial

image, and

determining the distance on the basis of the at least one

difference between the positions of the at least one
region in the aerial images.
23. The position measuring device as 1n claim 22 1n which
the position of the at least one region 1s determined by the
least squares method.
24. The position measuring device as 1n claim 22 1n which
the at least one designated region 1s masked, all image data of
the aerial image outside the masked region being suppressed.
25. The position measuring device as in claim 22 in which
the one region includes the feature.
26. The position measuring device as in claim 14 in which
a first position of the at least one edge 1s adopted as the
nominal position from the pattern specifications of the mask,
and a second position of the edge 1s determined as the actual
position from the pattern specifications of the mask and from
the difference between the positions of the at least one region
in the aerial 1mages.
27. A method for determining a registration error of a
feature on a mask, the registration error indicating a deviation
of a nominal position of the feature from its actual position on
the mask, the method comprising;:
providing a first aerial image that was captured by a posi-
tion measuring device and includes at least said feature,
said feature comprising a registration pattern or marker,

simulating, from pattern specifications of the mask, a sec-
ond aerial image that includes at least said feature, tak-
ing 1nto account at least one effect that causes distortion
of said first aerial image,

designating at least one region in said first or second aerial

image,

determining a position of said region in the other said aerial

1mage,

determiming the registration error of said feature as the

distance of the position of said feature 1n said first aerial
image from the position of said feature 1n said second
aerial 1mage, and

determining the distance on the basis of the at least one

difference between the positions of said at least one
region in said aerial images,

wherein said at least one designated region 1s masked, all

image data ol the aerial image outside the masked region
being suppressed.

28. The method of claim 27 in which at least one of the
tollowing effects 1s taken 1nto account in the simulation of
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said second aerial image: proximity etiects, distortion due to
an objective lens of the position measuring device, topogra-
phy of the mask, and refractive index of the mask.
29. The method of claim 27 1n which the simulation of said
second aerial image 1s based on pattern specifications of the
mask that are in the form of a continuous transmission func-
tion, said second aerial image being determined as a matrix of
discrete 1ntensity values, a discretization of the spectrum of
the mask being performed without further approximation.
30. The method of claim 27 1n which at least one region of
said feature 1s defined that will be taken into account in
determining the distance.
31. The method of claim 30 in which said at least one
region of said feature 1s embodied as an edge of said feature.
32. A method for determining a registration error of a
feature on a mask, the registration error indicating a deviation
of a nominal position of the feature from 1ts actual position on
the mask, the method comprising:
providing a first acrial 1mage that was captured by a posi-
tion measuring device and includes at least said feature,
said feature comprising a registration pattern or marker,

simulating, from pattern specifications of the mask, a sec-
ond aerial image that includes at least said feature, tak-
ing 1nto account at least one efiect that causes distortion
of said first aerial 1mage, and

determining the registration error of said feature as the

distance of the position of said feature 1n said first aerial
image from the position of said feature 1n said second
aerial 1mage,

wherein a first position of said at least one edge 1s adopted

as the nominal position from the pattern specifications of
the mask, and a second position of said edge 1s deter-
mined as the actual position from the pattern specifica-
tions of the mask and from the difference between the
positions of said at least one region 1n said aerial images.

33. The method of claim 32 1n which at least one of the
tollowing etlects 1s taken 1nto account in the simulation of
said second aerial image: proximity effects, distortion due to
an objective lens of the position measuring device, topogra-
phy of the mask, and refractive index of the mask.

34. The method of claim 32 1n which the simulation of said
second aerial 1image 1s based on pattern specifications of the
mask that are 1n the form of a continuous transmission func-
tion, said second aerial image being determined as a matrix of
discrete intensity values, a discretization of the spectrum of
the mask being performed without further approximation.

35. The method of claim 32 1n which at least one region of
said feature 1s defined that will be taken into account in
determining the distance.
36. The method of claim 35 in which said at least one
region of said feature 1s embodied as an edge of said feature.
37. A position measuring device for determining a regis-
tration error of a feature on a mask, which device comprises a
control unit that performs a method for determining a regis-
tration error of a feature on a mask, the registration error
indicating a deviation of a nominal position of the feature
from its actual position on the mask, the method comprising:
providing a first acrial 1mage that was captured by a posi-
tion measuring device and 1includes at least said feature,
said feature comprising a registration pattern or marker,

simulating, from pattern specifications of the mask, a sec-
ond aerial image that includes at least said feature, tak-
ing 1nto account at least one effect that causes distortion
of said first aerial 1image,

designating at least one region 1n the first or second aerial

image, 1n which the at least one designated region is
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masked, all image data of the aerial image outside the
masked region being suppressed

determining a position of the region 1n the other the aerial

1mage,

determiming the registration error of said feature as the

distance of the position of said feature 1n said first aerial
image from the position of said feature in said second
aerial 1image, and

determining the distance on the basis of the at least one

difference between the positions of the at least one
region in the aerial images.
38. The position measuring device of claim 37 in which at
least one of the following effects 1s taken into account 1n the
simulation of the second aerial image: proximity effects, dis-
tortion due to an objective lens of the position measuring
device, topography of the mask, and refractive index of the
mask.
39. The position measuring device of claim 37 in which the
simulation of the second aerial image 1s based on pattern
specifications of the mask that are 1n the form of a continuous
transmission function, the second aerial image being deter-
mined as a matrix of discrete intensity values, a discretization
ol the spectrum of the mask being performed without further
approximation.
40. The position measuring device of claim 37 1n which at
least one region of the feature 1s defined that will be taken into
account in determining the distance.
41. The position measuring device of claim 40 1n which the
at least one region of the feature 1s embodied as an edge of the
feature.
42. A position measuring device for determining a regis-
tration error of a feature on a mask, which device comprises a
control unit that performs a method for determining a regis-
tration error of a feature on a mask, the registration error
indicating a deviation of a nominal position of the feature
from its actual position on the mask, the method comprising:
providing a first aerial image that was captured by a posi-
tion measuring device and includes at least said feature,
said feature comprising a registration pattern or marker,

simulating, from pattern specifications of the mask, a sec-
ond aenal image that includes at least said feature, tak-
ing 1nto account at least one etiect that causes distortion
of said first aerial image,

determining the registration error of said feature as the

distance of the position of said feature 1n said first aerial
image from the position of said feature in said second
aerial 1mage,

wherein at least one region of the feature 1s defined that will

be taken into account 1n determiming the distance, and
wherein a first position of the at least one edge 1s adopted as
the nominal position from the pattern specifications of
the mask, and a second position of the edge 1s deter-
mined as the actual position from the pattern specifica-
tions of the mask and from the difference between the
positions of the at least one region 1n the aerial images.

43. The position measuring device of claim 42 in which at
least one of the following effects 1s taken into account 1n the
simulation of the second aerial image: proximity effects, dis-
tortion due to an objective lens of the position measuring
device, topography of the mask, and refractive index of the
mask.

44. The position measuring device of claim 42 1n which the
simulation of the second aerial image 1s based on pattern
specifications of the mask that are 1in the form of a continuous
transmission function, the second aerial image being deter-
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mined as a matrix of discrete intensity values, a discretization
ol the spectrum of the mask being performed without further
approximation.

45. The position measuring device of claim 42 1n which the
method performed by the control unit comprises:

designating, 1n the first and the second aerial image, at least

one region of the feature that 1s to be taken 1nto account
in determining the registration error,

determining the at least one first and second position of the

at least one region, and

determining the distance on the basis of the at least one first

and second positions of the at least one region in the
aerial 1images.

46. The position measuring device of claim 45 1n which the
at least one region 1s embodied as at least one edge of the
teature, the at least one position of the edge being determined
by a threshold value method.
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. 9,303,975 B2 Page 1 of 1
APPLICATION NO. . 13/229396

DATED . April 5, 2016

INVENTORC(S) . Michael Arnz et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

IN THE SPECIFICATION

Column 14

Line 24, delete “i1s the” and 1nsert -- 1s then --.

Line 26, delete “is the” and 1nsert -- 1S then --.

Signed and Sealed this
Fourteenth Day of June, 2016

e cbatle X Zea

Michelle K. Lee
Director of the United States Patent and Trademark Office
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